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ABSTRACT

The design of a high-efficiency mass spectrometer is described, aimed at residual gas detection of low mass species using low-energy electron
impact, with particular applications in helium atom microscopy and atomic or molecular scattering. The instrument consists of an extended
ionization volume, where electrons emitted from a hot filament are confined using a solenoidal magnetic field to give a high ionization
probability. Electron space charge is used to confine and extract the gas ions formed, which are then passed through a magnetic sector mass
filter before reaching an ion counter. The design and implementation of each of the major components are described in turn, followed by the
overall performance of the detector in terms of mass separation, detection efficiency, time response, and background count rates. The linearity
of response with emission current and magnetic field is discussed. The detection efficiency for helium is very high, reaching as much as 0.5%,
with a time constant of (198 + 6) ms and a background signal equivalent to an incoming helium flux of (8.7 + 0.2) x 10° s,

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0050292

I. INTRODUCTION

Detection of low mass species such as helium or hydrogen is
essential in many technological and research applications, including
ultra-low pressure measurement and leak detection,'* neutral gas
measurements in space,” and monitoring fusion reactions.” Many
helium scattering experiments also require very high-efficiency
helium detection in order to, for example, observe weak diffraction
peaks® or to observe surface correlations using the small number of
diffuse atoms that are quasi-elastically scattered.” Similarly, in the
emerging field of helium microscopy,”'” narrow beams of helium
are required for high resolution images, which, in turn, reduce
the flux of helium dramatically,'°'® again necessitating sensitive
detection.

While helium is valuable as an inert and non-destructive probe,
the same characteristics make it particularly difficult to detect.
The most common approach is first to ionize the helium and
then to detect the ion current. Ions are usually created by elec-
tron impact in a defined volume of space, and most commercial

residual gas analyzers use an ionization volume of the order
1 cm®. Then, mass selection of the ions may be performed by
a quadrupole mass filter and an electron multiplier, leading to a
sensitivity of about 1 x 10™* A/mbar.” Depending on the mea-
surement configuration in a typical vacuum system, these give
a detection efficiency from 107 to 1077 for incoming helium
atoms.

In general, ionization efficiency can be improved by increas-
ing the size of the ionizer, the electron density inside, and the
duration that gas particles spend in that region—provided that the
ions formed can still be extracted without significant losses. An
established method of achieving these improvements is by using a
solenoid magnetic field to confine the trajectories of the energetic
electrons,”’~** which can also extend the size of the ionization region
and constrict the flow of gas through the ionizer. In a previous
paper,”! simulations examining the general principles of a solenoid
ionizer, including the electron space charge formed inside, and how
that can be used to contain and extract the ions formed have been
reported.
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In the current work, we report the realization of a complete
solenoid ionizer based detector system, building on the principles
detailed in Ref. 24 and two prototype instruments.”””” The ion-
izer we report is so efficient that it multiply ionizes atoms such
as carbon and oxygen, giving rise to a significant background at
both mass-to-charge ratios of m/z = 3 and m/z = 4, so a key fea-
ture of our new instrument is that it operates at an electron energy
of only 100 eV, thus limiting multiple ionization while maintain-
ing ionization efficiency. The instrument described here is princi-
pally intended for detection of helium atoms in a scanning helium
microscope (SHeM);' ¢ although it can be used much more widely,
for example, the same design has been used in hydrogen scattering
experiments,””*® allowing a careful study of rotational states during
molecule-surface collisions.

The remainder of this paper is organized as follows: A
description of the overall design for the high-efficiency detector
is given in Sec. II. Each component of the complete detector sys-
tem is then discussed, starting in Sec. III with the ionizer, then
moving onto the mass selector in Sec. IV, and the ion detec-
tion in Sec. V. Finally, we describe the key performance metrics,
including the detection efficiency, background, and response time
in Sec. V1.

ARTICLE scitation.orgljournal/rsi

Il. OVERALL DESIGN

The detector reported here aims to achieve a very high effi-
ciency for detection of low mass species while simultaneously min-
imizing background on the detected signal and achieving a fast
response to changes in the rate of incoming atoms. The overall
design cannot be optimized for all these goals simultaneously, so
represents a compromise between competing factors. For helium
microscopy and similar scattering experiments, the available signal
levels typically correspond to a flux of less than 10® atoms per second
entering the detector, which often need to be measured to a pre-
cision of the order 1%,'>'* with a time response of a few hundred
milliseconds.

Figure 1 shows the three main components that make up the
detector both (a) schematically and (b) graphically. The solenoidal
ionizer, A, produces ions from residual gas entering via the gas inlet.
The mass filter, B, then transmits only selected ions with a particu-
lar m/z ratio (usually m/z = 4 for He" ions), and the ion detector,
C, detects and amplifies individual ion arrival events for the elec-
trical measurement. Ion optics are used to transfer the ions from
each component to the next without significant loss and incorpo-
rate astigmatic focusing and beam manipulation capabilities. The

Qas . S'ole.noid Ion B Mass Ion C. Ion. Pico-
in ionizer optics filter optics detection ammeter
B

Secondary windings

Primary windings

Filament

Gas inlet

Cooling pipe

Magnetic
sector

Getter pump

Gasoutto
compression
turbos

FIG. 1. (a) Schematic representation of the solenoidal ionizer, which consists of three main components (A, B, and C) separated by ion optics. (b) A cross-sectional view of
the complete instrument. Helium atoms entering from the left are ionized by electron bombardment (A). lon optics are used to transfer the ions from the ionizer to a magnetic
sector (B) where they are mass selected. lon optics either transfer the ions to an on-axis Faraday cup (C) or are deflected into a dynode and an electron multiplier (not

shown, see Sec. V).
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ion detector consists of a conversion dynode and an off-axis chan-
nel electron multiplier, as well as an on-axis Faraday cup to measure
large signals without multiplication during setup and calibration.

The solenoidal ionizer uses a magnetic field to constrain the
motion of electrons emitted from a hot cathode filament, enabling
the large ionization volume that is needed to give a high probability
of ionizing incoming atoms. Its detailed design is discussed in Sec. I11
and centers on designing the space charge to trap and extract the
ions formed, building on the largely theoretical work of Alderwick
et al.”* However, in terms of the overall instrument, a key result’**’
is that the space charge formed within the ionizer reaches tens of
volts, depending on the precise configuration. Ions are subsequently
formed in different potential regions within the ionizer; thus, the
outgoing ion beam can have a spread of energies of tens of volts or
more.

The wide spread of ion energies limits the methods that can be
used for mass filtration without significant losses. A 180° magnetic
sector was chosen as suitable to accommodate the spread, designed
for an incoming ion energy of ~1000 V. For practical convenience,
the bending field region was fixed at ground potential, requiring
the ions to be formed at a variable elevated potential. The ionizer
therefore incorporates a floating tubular “liner,” which provides the
necessary electrical boundary condition; ions are formed at a spread
of potential energies, slightly below the liner potential, as a result of
the electron space charge. Since the liner voltage can then be var-
ied to control the energy of the ions in the magnetic sector and
thus the m/z ratio of the transmitted ions, the magnetic sector was
implemented using a fixed, permanent magnet.

In our application, the helium flux is small so the detector needs
an exceptional rejection probability of background ions. The back-
ground signal at a particular m/z ratio is made up of two contribu-
tions: stray ions with the incorrect m/z reaching the ion detector
and the presence of additional multiply ionized species with the
same m/z as He'. Both are reduced by reducing the ultra-high vac-
uum background pressure, so the combination of a turbomolecu-
lar pump (Pfeiffer Hipace300M), a large getter pump (Saes Getters
CapaciTorr D3500), and a small getter pump at the gas inlet (Saes
Getters CapaciTorr CF16-MK2-172-2X16-10, not shown) is used to
maintain a pressure in the vacuum chamber holding the ion optics
of <5x 107" mbar during operation. Two further turbomolecu-
lar pumps (Pfeiffer Hipace80) back the main turbopump in series
to ensure compression and removal of very low partial pressures
of helium from the system. The getter pump at the gas inlet acts
to reduce the background signal and does not pump helium. To
minimize stray ions reaching the counter, the vacuum chamber is
split into two parts that avoid line-of-sight and the magnetic sector
flight tube is carefully shaped to minimize transmission of incorrect
ion beam masses or high-energy neutral species generated by ion
impact with the flight tube walls. To avoid generation of multiply
ionized species, rapid ion extraction from the ionizer is important,
as well as designing the instrument to operate with low electron
energies.

During operation, gas to be detected is fed into the detector
through the “gas inlet” connection on the left of Fig. 1(b). The inter-
nal volume of the region around the inlet and filament is minimized,
and the solenoid and liner geometry is chosen so its molecular flow
conductance is ~0.7 1 s7'. These give a good detection probability
as the limited gas flow through the ionizer results in an almost
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“stagnated” pressure, while still giving an appropriate time response
to changes in the input gas.

lll. SOLENOIDAL IONIZER
A. Principle of operation

Electron ionization can be achieved through a variety of imple-
mentations, and a detailed discussion including relative merits is
presented by Alderwick.”” The application of solenoidal ionizers for
atom beam experiments was first demonstrated by DeKieviet et al.,”’
producing an ionizer with a reported efficiency of 5 =7x 107>,
The main benefit of a solenoidal ionizer is that it creates a scal-
able ionization volume, which proportionally increases the device
efficiency.

In the present instrument, electrons are injected into a mag-
netic field and confined using electric and magnetic fields to create a
high electron density so that their space charge affects the local elec-
trostatic potential, as illustrated in Fig. 2. The electrons form helical
trajectories in the magnetic field. Two modes of operation are pos-
sible, as illustrated in Fig. 2(a). Electrons may be trapped inside the
solenoid, closed mode, or can pass directly through the ionizer, open
mode. The choice of the operational mode is determined by the elec-
trostatic potential downstream of the solenoid. If the downstream
potential is greater than the filament potential, electrons emerge to
be collected on a downstream lens element so that the ionizer is in
open mode. If the downstream potential is below the filament poten-
tial, the instrument operates in closed mode with electrons reflected
so that they run up and down the ionizer until they are re-absorbed
at the filament or undergo some other loss mechanism.

In a region of high electron density, space charge acts to reduce
the local potential. Alderwick et al** derived expressions for the
axial potential inside the solenoid as illustrated in Fig. 2(b). A key
result is that space charge creates a potential well that confines any
ions radially. The well depth increases with the logarithm of the
radius of the electrode confining the electron beam so that the elec-
trode can be engineered to generate the desired axial potential. In
the current implementation, a tapered electrode at the exit is used to
generate the field needed to extract ions from the solenoid. Similarly,
ions are prevented from leaving at the filament end by reducing the
radius of the electrode with a ring that acts as a barrier.”>**

Some similarities between the ionizer we employ and other
techniques exist, for example, Electron Beam Ion Sources (EBISs)
are used to produce bare nuclei of high mass species such as ura-
nium.”’ These ion sources typically generate and subsequently trap
ions using electromagnetic fields. The ions are then bombarded with
a high electron current to multiply ionize them and produce multi-
ply ionized species with high charge. The electron sources from the
technique could be applied to improve efficiency in helium detec-
tion presented in the current work, assuming that there is suffi-
cient capacity within the ionizer space charge region to benefit from
more efficient electron injection. However, the direct application
of the ionizer would not be appropriate, since it would lead to an
unacceptably high background signal from other multiply ionized
species.

B. Implementation

Figure 3 shows a detailed cross section of the ionizer. The
filament is mounted inside the solenoid in front of a repeller
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FIG. 2. Electrostatic potential in the ionizer showing how electron space charge is used to trap and extract ions. At typical operating pressures, the ion space charge is
negligible compared to the electron space charge. (a) Schematic of the center line potential throughout the ionizer in the two modes of operation (open or closed). The solid
gray line shows the potential in the absence of space charge. The solid blue line includes the effect of electron space charge. In open mode, the electrons are collected
downstream of the ionizer. In closed mode, electrons are reflected close to the point where the axial potential and filament potential (shown as a dotted red line) are the
same. The barrier ring prevents ions leaving the left of the device. It is implemented by the reduction in the diameter shown in Fig. 3. (b) Radial variation of the electric
potential, V(r), inside a long solenoid ion source based on Fig. 2 of Ref. 24. The gray line is the potential inside the solenoid without space charge, while the blue line is the
potential inside the liner with space charge as given by Eq. (1) of Ref. 24. It is assumed that the electrons form a cylindrical cloud between the shaded regions (ar; < r < rg).

electrode and close to a transparent grid (wire diameter of 0.001
in., 40 wires/in. and an open fraction of 92.2%) at the mouth of
the ionization region (liner). Electrons are generated by thermionic
emission from a heated iridium filament with a diameter of about
200 pm coated in thoria. Thoria coating lowers the work function

Grid across entrance

Filament

Secondary Windings

Extraction Cone
Primary Windings

FIG. 3. Cross-sectional view through the solenoid and ionizer showing key com-
ponents and dimensions in mm. The filament is mounted so that it is inside the
solenoid and close to the grid at the entrance to the confining electrode (liner).
Long metal rods support the filament from the liner and ceramics are used to insu-
late the filament mount from the liner. Extraction of ions to the left is inhibited
by reducing the bore of the confining electrode (liner) from 12.2 to 10 mm [see
Fig. 2(a)]. The extraction cone is created by tapering of the confining electrode
(liner) as shown at the right. The solenoid windings are made up of a uniformly
wound primary winding together with two rectangular-section secondary windings
that act as correcting coils.

at the surface, allowing similar electron emission currents to be
obtained at lower cathode temperatures,”’ reducing localized heat-
ing and gas release in the region. The precise position of the filament
influences the electron trajectories in the solenoid and, therefore,
changes the performance of the ionizer.”*

The electron trap and ionization volume consists of a double
wall vacuum vessel through which cooling water may be introduced;
onto that is wound a primary winding consisting of ten layers of
3.0 x 2.0 mm? rectangular section wire with additional secondary
coils made of nine layers of 3.0 x 2.0 mm” rectangular section wire.
The wire is mechanically wound and encapsulated using boron
nitride loaded electrical varnish (70% Ultimeg U2000L 27% boron
nitride powder 3% silica flour) for improved thermal conductiv-
ity away from the winding; the addition of silica flour makes the
mixture thixotropic for no-drip application. After curing, the com-
plete assembly is wound with additional external water cooling pipes
applied using Duralco 2-part thermally conducting epoxy.

The (liner) electrode surrounding the electrons is electrically
insulated from the vacuum vessel using insulating posts at either
end of the assembly. The front of the liner contains a wide section
for mounting the electron source as shown in Fig. 3, and at the exit,
the tube tapers to form an extraction cone, as discussed previously.
The liner is connected to an electrical feedthrough at each end; dur-
ing commissioning, a large current (~ 25 A) can be passed through
the tube, heating it to ~ 400 C to accelerate desorption of gas from
the liner wall to reduce the presence of background gases. During
operation, the liner can be attached to a high voltage power supply,
which defines the ion energy for ions generated in the ionizer.

C. Measured emission characteristics

The emission characteristics of the filament are as expected.
Emission increases with the filament current and with the electron
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energy, the emission being dominated by space charge effects at
low energies (~50 V). The repeller has relatively little impact on the
emission current, provided it is negative with respect to the filament.

It is possible to switch between open and closed modes of
the ionizer by changing the electron energy or the potential down-
stream of the ionizer, which acts as an extraction voltage for ions.
The transition between open and closed modes occurs close to the
point where the electron energy is equal to the extraction voltage
(see Fig. 2). Figure 4 shows the effect of changing from closed to
open mode on the electron currents in the ionizer. At low extraction
voltage (left of the plot), electrons cannot escape the ionizer and it
operates in closed mode. All of the current emitted by the filament
(blue data points) is collected by the liner (orange data points). At
higher extraction voltages, the device switches to open mode and the
vast majority escape so that the liner current decreases. An insignifi-
cant current is measured onto the liner in open mode, implying that
the electrons are successfully transferred through the entire solenoid
by the magnetic field.

Changes in the electron distribution have a direct effect on the
ionization efficiency. Figure 5 shows how the measured ion current
changes as the operating mode is switched from closed (left) to open
(right). Here, the change is generated by varying the electron energy
and a sharp decrease in efficiency of the detector is observed when
the ionizer switches to open mode. The measurements confirm that
there is a distinct difference between the two operating modes of the
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FIG. 4. Electron current variation as the ionizer is switched between closed mode
(left) and open mode (right). The blue data points show the current leaving the
filament, and the orange data points show the current collected on the confining
electrode (liner). The mode is switched by varying the voltage downstream of the
ionizer, thus giving an extraction voltage (x axis). The vertical dashed line indicates
the point at which the filament voltage and the extraction voltage are the same.
To the left of the dotted line, electrons have insufficient energy to escape and
are trapped in the ionizer (closed mode); to the right of the dotted line, electrons
can escape from the ionizer (open mode). In closed mode, the filament emission
current is identical to the current arriving on the liner, as expected. In open mode,
the electrons pass straight through the solenoid and the current onto the liner drops
to approximately zero. Details on how the electron currents were measured can be
found in Fig. 8. The data shown here and in Fig. 5 use an older filament mounting,
but the behavior is qualitatively the same as the arrangement shown in Fig. 3.
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FIG. 5. lonization efficiency, measured as an ion current, in closed mode (left)
and open mode (right). Here, the electron energy (x axis) is varied to switch
between closed and open modes while maintaining the downstream extraction
voltage constant. The vertical dashed line indicates the point at which the transition
from closed to open is expected. At low energies, the electrons have insufficient
energy to emerge from the ionizer, and it operates in closed mode; at high ener-
gies, the electrons escape, and it operates in open mode. Significantly, more ions
are generated in the closed mode.

detector due to the higher electron density in the ionizer in closed
mode.

IV. MASS FILTERING AND ION OPTICS
A. Principle of operation

Once the ions have been extracted, they are separated by mass
to reduce the signal from background gas in the vacuum system.
Most residual gas analyzers use quadrupole based mass filters,*
which are typically suitable for analyzing ions with a low kinetic
energy (< 10 eV). In the present application, the mass analyzer must
cope with a significant spread of ion energies due to the deep space
charge well in the ionizer [see Fig. 2(b)]. As a result, we use a mag-
netic sector, operating with ion energies of several hundred electron
volts, to perform the mass analysis.

Our implementation uses a permanent magnet to generate the
field in the bending region and tunes the mass-to-charge ratio selec-
tion by varying the ion energy. The kinetic energy of the ions is sup-
plied from acceleration of the ions out of the ionizer to the ground
potential of the chamber. If the liner is at a potential V, the kinetic
energy of the ions will be (1/2)mu* = qV. By equating the Lorentz
force, F = q(E + i x B), experienced by the ions moving through the
uniform magnetic field, B, to the centripetal force needed to pro-
duce circular motion, Foy = mu? /R, it can be shown that the ions
will perform circular motion with a radius of curvature, R, given by

1 [2mV

Therefore, only ions with the desired mass-to-charge ratio will pass
through without colliding with the curved chamber wall, providing
mass filtering.
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B. Magnet design

The sector magnet consists of a yoke and pole pieces made
of soft iron (minimum iron content of 99.85%, known as Remko,
Armco, or Maximag) driven by a cylindrical permanent magnet
made of N42 neodymium-iron-boron alloy (NdFeB). The perma-
nent magnet is a readily available commercial unit (first4magnets
F4M20103) with a diameter of 80 mm and a length of 65 mm. It is
prefabricated as a hollow NdFeB cylinder with the remainder being
ferritic stainless steel and the whole cylinder is encased in 2 mm of
316 stainless steel. After assembly, the yoke has a gap of 15 mm to fit
over the vacuum flight tube.

The inset to Fig. 6 shows a cross section through the yoke and
permanent magnet. At the entrance to the pole piece, the yoke is
shaped to reduce the fringing field in the region outside the gap
while ensuring that the yoke material does not saturate. The main
panel in Fig. 6 shows simulated and measured fields in the gap
region. Blue crosses give the measured field and the orange curve
shows the field simulated in Lorentz®! assuming an ideal, uniformly
magnetized cylinder of neodymium. The simulation and measure-
ments confirm that the field is highly uniform inside the gap and
that the field drops away rapidly outside the gap. The difference in
magnitude between the simulation and measurement is consistent
with the approximate geometry of the permanent magnet used in
the simulation, given the real magnet is not a uniform cylinder of
neodymium.

The magnet assembly is shown in the cross section in Fig. 1(b)
together with the flight tube (labeled magnetic sector in the figure).
Secondary ions and energetic neutral species are generated in the
flight tube when ions having the incorrect m/z ratio strike the walls
of the tube. To minimize background from the secondary particles,

200 T T T
X Experimental
Simulation
g XXX X X X X X X
150 b
'_
£
o
2 REMKO Permanent
© 100 iron yoke magnet
©
C
(o)
s
[
50 I b
0
-100 -50 0 50 100

D /mm

FIG. 6. (Inset) Cross-sectional view of the magnetic sector taken in a plane paral-
lel to the field. The permanent magnet is lightly shaded on the right of the figure
and the soft iron yoke is shown in a darker shading. (Main figure) Measured (blue
crosses) and simulated (orange line) values of the magnetic field along a line con-
taining both planes of mirror symmetry. The distance, D, is measured from the
pole piece edge. Measurements and simulation confirm the uniformity of the field
within the gap of pole pieces and the rapid drop in field outside the pole pieces.
Differences between the simulation and the measurement are attributed to a lack
of uniformity in the permanent magnet.
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internal surfaces of the flight tube are machined with serrations [see
Fig. 1(b)].

C. lon optics design

Electrostatic lenses transport ions from the ionizer to the
entrance of the mass selector and from the exit of the selector to the
detector. The lenses accelerate ions to an energy suitable for mass
selection and provide correction for the astigmatism of the magnetic
sector. The magnetic sector is mounted externally to the vacuum
chamber (Fig. 1), and the geometry of the ion optics is therefore
dictated by the dimensions of the chamber. The magnetic sector
is at ground potential so that the ion energy is determined by the
potential applied to the liner of the ionizer, HT1 (see Fig. 8). A lens
with quadrupolar geometry corrects for the astigmatism of the mag-
netic sector’” and provides for beam steering to accommodate any
mechanical misalignment.

The lens stack between the ionizer and the mass selector con-
sists of five elements. The first three elements include the quadrupole
element and accelerate the ions to the desired energy (ground poten-
tial), while the remaining elements act as an einzel lens to transport
ions to the selector entrance. The lens stack at the output of the
selector is another einzel lens.

The two lenses leading from the ionizer to the mass selector use
focusing voltages that accelerate the ions into the lens (negative with
respect to the mass selector), leading to a smaller chromatic aber-
ration. However, on the exit to the mass selector, we use a focusing
voltage that decelerates the ions as they enter the lens (positive with
respect to the mass selector). The aim here is to increase chromatic
aberrations so that secondary ions are more strongly defocused,
while secondary electrons from stray particles that strike the lens ele-
ment are prevented from reaching the ion detector (Sec. V). In this
way, the background is significantly reduced.

Figure 7 shows LORENTZ® simulations for trajectories of
the ions up to the exit from the magnet. It can be seen that the
masses are well separated in space. The simulation shown in Fig. 7
has a transmission probability of 40%, between the ionizer and
the magnet exit. Most losses arise from ions deviating from the
plane of the magnetic sector and striking the wall of the magnet
housing.

The details of the assembly procedure can be found in Bergin’s
Ph.D. thesis;*° in particular, images of the assembled ion optics and
the support structure can be found in Fig. 4.22.

D. Power supplies

The system is controlled by a series of programmable power
supplies with typical working values shown in Table I. The power
supply configuration is illustrated in Fig. 8. Most supplies are single
polarity and ground referenced. The filament and electron energy
float with respect to the liner, HT1, as shown in the inset of Fig. 8.
The emission current is regulated by incorporating the filament sup-
ply in a proportional integral differential (PID) loop controlled by
a Linduino micro-controller with the emission current measured
internally by the electron energy supply, HTO.

The control system for the power supplies includes the ability
to scale the ion-optical voltages (columns 2 and 3, Table I) of lenses
automatically as the nominal ion energy, HT1, is changed. Similarly,
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FIG. 7. Simulation of ion optics to transfer the ions from the ionizer to the magnet and then subsequent mass filtering. The magnetic field is calculated from a 3D model of
the permanent magnet, but as shown in Fig. 6, the steady field is overestimated (corrected in practice using as slightly adjusted liner voltage). Note that the flight tube was
not included in the simulation, so in reality trajectories that deviate from the 50 mm semicircle through the magnetic sector will collide with a wall and be removed and are
illustrated as translucent in the figure. Some elements were not included in the simulation due to changes in design during implementation; the lens on the ion optics stack
immediately following the magnet and the dynode assembly are not included, and in the top ion optics stack, the lens dimensions have been adjusted in assembly.

the repeller voltage, HT11, is automatically scaled to maintain a con-
stant field around the filament as the ion energy is changed. The
user interface provides intuitive controls, such as the quadrupole
mean energy, Vy, the quadrupole voltage difference, 6V, and the

TABLE |. Typical operating values for the detector optimized for the detection of He;
in helium microscopy. Descriptive labels and corresponding power supply designa-
tions (see Fig. 8) are in the left column. Typical values (col. 2) are those produced
by the power supplies, most of which are referenced to the laboratory ground. lon
optical potentials (col. 3) are referenced to the notional zero of kinetic energy for the
ions for which we have assumed an axial space charge of 50 V in the liner of the
ionizer (Fig. 8). Potentials on the quadrupole elements are expressed as the mean
potential, Vg, the quadrupole voltage difference, V4, and the left/right and up/down
pusher voltages, 8V, and 8V 4. The final column expresses the ion-optical voltages
as a ratio to the ion energy at laboratory ground where the mass selection takes place
(V; = 650 V in the case shown).

Ion-optical

Module name Typical value potential V/V;
Electron energy (HTO) -100V

Ion energy (HT1) 725V

Repeller (HT11) 525V

Quadrupole left (HT3) 562V Vy=110V 0.16
Quadrupole right (HT4) 555V 0Vy=+73V  0.01
Quadrupole up (HT5) 574V 6Vy, =+0.73V  0.001
Quadrupole down (HT6) 572V 6V,g=+36V  0.005
Focus 1 (HT?) ~1890 V Ve =2560V 3.8
Focus 2 (HTS) ~2030 V Vi =2710V 4.0
Focus 3 (HT2) 566 V Vi =110V 0.16
Dynode (HT9) -3000 V Vys=3675V 54
Channeltron (HT10) -1300V

Filament 3A

Emission 1 mA

Main solenoid 20 A

Secondary winding 35A

Chamber pressure < 107" mbar

left/right and up/down pusher voltages, 8V, and 8V 4, from which
the supply voltages are calculated and scaled.

V. ION DETECTION

The instrument includes two detectors, as indicated in Fig. 8.
For high ion currents, a Faraday cup placed on the axis provides
an absolute measure of the ion signal, while, at lower ion currents,
the currents are amplified using an electron multiplier. Injecting
ions directly into a channel electron multiplier is known to reduce
lifetime through the effects of ion sputtering.”> Here, we employ a
discrete dynode to convert ions to electrons before injection into the
electron multiplier. The design allows an off-axis arrangement that
eliminates line-of-sight for energetic neutral particles and reduces
unwanted background.”>?*

The dynode differs from those of a scintillator/photomultiplier
ion detector,’* where high voltages, greater than 10 kV, are nec-
essary. Here, we use lower voltages (~ 3 kV), which are simpler
to manage while giving significant secondary electron emission®*°
and high detection efficiency. The dynode has a concave, spheri-
cal surface to focus the low-energy electrons into the mouth of the
multiplier. Figure 9 illustrates the principle.

The spherical surface has two effects on the secondary elec-
trons; first, they will be directed toward the multiplier through geo-
metric effects. The normal to the surface always points toward the
multiplier, and since the electrons are emitted with a cosine distri-
bution,”” they are generally emitted in the direction of the surface
normal. The second effect the curved dynode has is that the electric
field will also point along the surface normal, so electrons are accel-
erated toward the multiplier once they have been emitted. By using a
large voltage on the dynode, it is possible for the initial acceleration
from the dynode to overwhelm the repulsion at the multiplier.

The physical size of the dynode is much larger than that of the
beam to create a uniform field for accelerating the secondary elec-
trons and avoid fringing fields at the boundary between the dynode
and the ground case. An aperture is used to shield the ions from the
strong field until they enter the dynode assembly to ensure that the
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FIG. 8. Power supply schematic illustrating how the electrical components in the detector are connected. Most power supplies are referenced to laboratory ground except
for the filament and electron energy, HT0. A 440 kQ resistor is connected across the liner (ion energy) supply, HT1, to provide a return path for electrons collected on
elements other than the liner. The voltage across the electron multiplier is determined by HT10 and a series resistor. Together with the internal resistance of the multiplier,
the resistor acts as a voltage divider to generate an extraction field for electrons leaving the multiplier. lon currents can be measured with ground-referenced pico-ammeters
at either the Faraday cup or at the collector of the multiplier. Note that of the three focus electrodes, Focus 1 and Focus 2 are negative voltages so that the ion energy is
increased within the lens. Such lenses have lower chromatic aberration than the configuration used for Focus 3, where the ion energy is reduced in the lens. We employ
the higher chromatic aberration of the output lens (Focus 3) to both prevent electrons generated from collisions on the lens reaching the dynode and as an additional filter
to discriminate against ions scattered inelastically from the walls of the magnet housing. The total emission current is measured through the supply HTO, while the electron
current onto the liner shown in Fig. 5 was measured by floating an ammeter at the position shown in the inset.

ions strike the center of the dynode. Aluminum was chosen as the
material for the dynode due to its good yield of secondary electrons,
low sputtering yield, and ease of manufacture.

A. Simulated performance of the dynode

IES LORENTZ’! was used to simulate the behavior of charged
particles in the dynode assembly. Helium ions traveling parallel to
the optic axis enter the simulation with a width of 10 mm and an
initial energy of 700 V to match the pass energy through the mag-
net for helium in Fig. 12. At each position where an ion strikes
the dynode, secondary electrons are released and the trajectories of
these electrons are simulated. A MATLAB script takes the positions
where the ions strike the dynode and generate secondary electrons
having a Gaussian energy distribution (E. > 0) with the mean and
standard deviation of 4 eéV?” and a direction sampled from a cos 0
distribution.”

Figure 9 shows examples of helium ion and electron
trajectories in the dynode assembly. The helium ions are plotted
as blue lines and are deflected by the large negative voltage on the
dynode. The red lines are the generated secondary electrons, and
these are pushed onto the electron multiplier by the same field that

deflected the helium ions. In Fig. 9, 99.3% of the electrons reach the
multiplier entrance, indicating correct operation.

B. Mechanical design

Figure 10 shows a rendered cross-sectional view of the
dynode and its insulators, where the sides of the aluminum dyn-
ode are replaced with PEEK to provide an insulating surface to
mount the dynode to the grounded case. To reduce the possibil-
ity of surface conduction, grooves and raised sections were added
to the PEEK.* Figure 10 also shows how the cylindrical case con-
tains a 10 mm aperture to shield the incoming ions from the dyn-
ode field. More detailed images of the mount for the multiplier
can be found in Figs. 4.33 and 4.36 of Ref. 26. The multiplier
assembly is mounted on a separate feedthrough and can be replaced
as a unit.

Measurements and simulations showed that the entrance cone
of the multiplier must be screened from external electric fields.
A mesh with a wire diameter of 0.001 in., 40 wires/in., and an
open fraction of 92.2% was attached to the front of the multiplier
using a circlip with a 16 mm external diameter (Accugroup P/N
HEC-16-A2).
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FIG. 9. Simulated trajectories of helium ions and secondary electrons inside
the dynode assembly. The blue lines indicate the trajectories of helium ions,
while the red lines indicate the trajectories of the secondary electrons. In this sim-
ulation, the dynode has a voltage of —2500 V, the electron multiplier has a voltage
of —1300 V, and the remaining surfaces are at ground.

C. Performance

The gain of the dynode and multiplier assembly was measured
by comparing the electron current at the multiplier output with the
ion current arriving at the dynode. The latter was measured, at low
multiplier gain, using the Faraday cup (Fig. 9). Figure 11 shows the
dependence of the gain on the voltage applied to the multiplier. Mea-
surements at higher gain necessitated smaller incident ion currents,
and the data in that regime are normalized to low gain data in the
region of overlap.

|
Dynode

[
PEEK Insulator |

FIG. 10. Cross-sectional view of the full dynode assembly illustrating the dynode,
the insulating PEEK components, and how the dynode is attached to the cylindrical
case. The dynode has a spherical dip machined into it to improve the performance.
The PEEK insulators, as seen in a beige color, can be seen to have a series of
raised section and grooves to increase the linear distance between the dynode
surface and the grounded case. The electron multiplier is assembled on a separate
feedthrough and protrudes into the dynode case as seen in the figure. The red and
brown top hat metal pieces on the left of the diagram are pinched together to hold
the electron multiplier in place and make an electrical connection. The curvature
of the dynode is illustrated to show how the electrons are pushed toward a point
inside the multiplier.
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FIG. 11. Gain of the dynode and multiplier as a function of the voltage applied
to the front of the multiplier (HT10). The total gain is defined as the ratio of the
electron current leaving the multiplier to the incident ion current striking the dynode.
At low gain (blue line), the incident ion current was measured directly using the
Faraday cup. At high gain (purple line), the number of incident ions is reduced, to
avoid saturating the multiplier, and a direct measurement of the incident current is
impossible. The high-gain data are normalized to the low-gain region in the regime
where they overlap.

VI. OVERALL PERFORMANCE
A. Mass filtering

Figure 12 shows typical mass scans, using a logarithmic scale for
the current. The blue data points show peaks from the background
gas, while red data points show results with a small partial pressure
of helium in the ionizer. The ion energy is scanned to allow transmis-
sion of different masses by the fixed field of the permanent magnet.
Peak positions are within 12% of expectation based on an idealized
field of flux density 162 mT and radius of 50 mm. In the spectrum
of the background gas, peaks are evident at all masses even though
the total pressure is extremely low (note the logarithmic scale on the
y-axis).

Current/A
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FIG. 12. Demonstration of mass separation showing two mass scans with (red) and
without (blue) a helium leak into the detector. The mass 4 peak appears around
700 V and increases in size when the helium gas is bled into the system. Typical
operating conditions correspond to the values given in Table I.
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The peak at m/z = 3 arises from singly ionized HD, a nat-
ural isotope of H,. The abundance of deuterium in the vacuum
chamber can be estimated from the accepted “absolute” mole frac-
tion of deuterium to hydrogen atoms from a single natural source,
ap = 0.000 155 74(5).*" Ignoring differences in secondary electron
yield between different isotopes, the natural abundance of HD is
estimated to be 2ap ~ 0.028%.

The natural abundance of D, is txé. Therefore, the ratio of the
m/z = 3 to m/z = 4 peaks is expected to be 2/ap = 12 842 + 4. How-
ever, it can be seen in Fig. 12 that the m/z = 4 peak is about two
orders of magnitude larger than what would be expected from just
D,. Either the secondary electron yield for each isotope strongly
varies or an additional component contributes to the background
at m/z = 4. Sources of background are discussed in more detail in
Sec. VI C.

The dip in intensity between the m/z = 3 and m/z = 4 peaks,
together with the rapid attenuation of the m/z = 3 peak, suggests
that, in this mass region, the signal leakage is negligible (less than
10 ppm).

B. Efficiency

The ionization efficiency is defined as the number of ions gen-
erated per incident atom N*/N, where both numbers are to be
regarded as a flux of particles passing through the ionizer per unit
time. We measure the efficiency by leaking gas into the front of the
detector, measuring the gas flux at the back, and comparing the flux
to the ion current obtained on the Faraday cup. The gas flux through
the ionizer can be measured from the pressure and pumping speed
next to the pump. The flux of helium down the ionizer Q is given by

Q = Pbs: (2)

where p, is the partial pressure of helium and S is the pumping speed
at the back of the ionizer. The pumping speed of the Pfeiffer HiPace
300M pump for helium is § = 2151 s™'. We can also express the gas
flux Q as the number of atoms passing through the ionizer using

Q= NksT, 3)

where N is the number of atoms passing through the ionizer per
second, kg is the Boltzmann constant, and T is the temperature of
the ionizer. By rearranging Eqs. (2) and (3), we find that the number
of atoms N passing through the ionizer per unit time is given by

. IDhS
N=-—. 4
ks T )
The rate of ions that are detected is given by
. IAt
N ===, ()

where I is the ion current and e is the electron charge. The efficiency
of the ionizer is then defined as N* /N, which is the fraction of ions
produced from the incoming atoms. The efficiency is

N*  ksT I
- ©)
N eS Dy
1
=1.19x107° =, (7)

Do
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at T =298 K, where the current I is measured in amps and the
pressure at the back of the ionizer p, is measured in mbar.

Figure 13 shows an example of the efficiency for *He measured
using the Faraday cup and plotted as a function of the filament
current (and, therefore, the emission current). It can be seen that
the efficiency varies in a complex way. At low filament current (I
< 2.3 A), there is a continuous rise in efficiency after the onset of
electron emission. The emission current at Iy ~ 2.3 A is typically
0.2 mA and, above that value, there is a dramatic fall in efficiency to a
regime where it is roughly constant but has erratic fluctuations from
point to point. The distinction between the low-current and high-
current regimes may be attributed to the effects of space charge. At
high currents, space charge dominates the behavior and the behavior
is correspondingly complex, as has been noted previously.”"** Even
s, it is possible to find operating regimes with a high efficiency that
are stable. Efficiencies as high as 0.35% have been measured using the
Faraday cup and, by scaling the acceptance apertures, we estimate
values of 0.5% using the dynode.

Further evidence that the operating mode and the observed
efficiency are strongly affected by space charge can be seen by
varying the spatial profile of the magnetic field using the sec-
ondary winding at the exit of the ionizer (shown in Fig. 3).
Typical results are presented in Fig. 14. Here, the efficiency is
plotted as a function of currents in both the primary winding
(main current) and the secondary winding (secondary current).
Figures 14(a) and 14(b) correspond to different values of the fil-
ament current. In Fig. 14(a), I = 2.8 A and the emission current
I. ~ 4 mA, while in panel (b), the currents are larger, with I r=3A
and the emission current I, ~ 8 mA, so the space charge is signif-
icantly more important in the latter case. The secondary windings
are designed to generate a uniform field along the axis when oper-
ated at the same current as the primary winding (main current);
however, there is no evidence in the figure that equality of the pri-
mary and secondary currents offers any advantage. At higher levels
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FIG. 13. Measurements of ionization efficiency as a function of the filament current.
The ion current is measured using the Faraday cup, leading to an absolute value
for the efficiency. The data fall into two regimes: above and below / ~ 2.3 A (see
the text). The data were obtained with a current of 10 A in the main solenoid. The
scatter in the data points, most noticeable in the regime of high filament current,
reflects the complex interaction between electron- and ion-space charge within the
instrument (see the text).
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FIG. 14. Measured efficiency as a function of the solenoid current and the cur-
rent in the secondary winding. The current in the secondary windings changes the
uniformity of the axial field and the dashed orange line indicates when the main
current and secondary current are equal, giving a maximally flat axial field (a) with
a filament current, /; = 2.8 A. Little structure is seen in the data until reaching
larger currents in the secondary winding where a small decrease in efficiency is
observed. (b) With a filament current, /s = 3 A. A clear peak can be seen at larger
currents in the secondary winding.

of space charge [Fig. 14(b)], there is clear evidence that larger cur-
rents in the secondary winding at the exit of the ionizer lead to
improved efficiency. Increasing the secondary current compresses
the electron bundle, leading to the lowering of the axial potential
and an increased extraction field for the ions, which may explain the
observed behavior. Another instrument that provides an extraction
field through the entire volume using an axially varying magnetic
field could help understand the effect of the space charge.”>*

For comparison, a typical commercial instrument'’ being
pumped at 11s™" would have a detection efficiency of order # = 2
x 107°. Other solenoid instruments’"** report higher values than
the commercial instrument, but it is difficult to make a direct
comparison without a complete parameter set.

C. Sources of background

In the absence of helium gas, the signal output determines the
background and hence the minimum signal/noise ratio in the instru-
ment. Several features have been included to minimize the back-
ground in the region of mass 4. First, the amount of helium gas
reaching the ionizer by back-streaming through the vacuum pumps
is minimized by having two types of turbomolecular pumps in series:
a Pfeiffer HiPace 300M pump with a compression ratio of > 10 is
backed by a Pfeiffer HiPace 80 with a compression ratio of 1.3 x 107,
A further Pfeiffer HiPace 80 was added and there was no further dif-
ference to the background. Second, stray ions and high-energy neu-
trals are prevented from reaching the detector by careful screening
of the detector itself; the inclusion of an electrostatic screen between
the upper and lower ion-optic assemblies; and the use of a serrated
surfaces inside the spectrometer flight tube (see Sec. IV B).

The remaining background signal will contain contributions
from multiple ionized atoms. Figure 15 presents how the ratio of
the m/z = 4to m/z = 3 peaks varies with electron energy, illustrating
how the background signal strongly depends on the electron energy
used. Therefore, the detector is operated with an electron energy of
about 100 eV to minimize the background at m/z = 4. Two multiply
ionized atoms that have a mass-to-charge ratio of m/z = 4 are O**
and C**. The cross sections of the ions have not been experimentally
measured® but have been theoretically calculated.*® The threshold
energy for the production of C**, which is given by the sum of the
first three ionization energies, is Ec = 83.5 eV, while the threshold
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FIG. 15. Plot showing the peak ratio of mass 4 to mass 3 while changing the elec-
tron energy. Below electron energies of 150 V, the electron multiplier voltage had
to be increased since the total efficiency was dropping. The peak ratio dramatically
falls below about 200 eV and continues rolling off until about 100 eV.

energy for O* is given by Eo = 181 eV." It therefore seems reason-
able that at least one of these multiply ionized species contributes
to the background at higher electron energies. At lower electron
energy, we cannot rule out contributions from D5.

After calibrating the efficiency, we measured the background
and estimated that it is equivalent to approximately (8.7 + 0.2) x 10°
helium atoms per second entering the detector.

D. Time response

The response time of the detector assembly determines the
minimum wait time between independent data points and, when
acting as a stagnation detector, it contributes to the efficiency of the
detector.”>* Tt is therefore essential that the time constant is known
so that the image noise, acquisition time, and pixel bleeding artifacts
can be minimized.

The time response of the detector, when installed on a scan-
ning helium microscope,'’ was measured by moving the beam over
a sharp edge between two uniform regions. The response, averaged
over 20 measurements, is shown in Fig. 16 (blue curve), together
with an exponential function (red curve) that interpolates between
the initial and final levels. The exponential time constant we obtain is
7= (198 + 6) ms. Contributions to the response other than the ion-
izer are negligible. For example, the time taken for the microscope
to scan across the edge is » 1 ms and makes a negligible contri-
bution to the response of the ionizer. Similarly, the step response
of the electrometer used (RBD 9103 picoammeter) to measure the
ion current is ~ 70 ms, which only contributes 6% to the final
result.

We have modeled the diffusion of gas from the microscope
through the ionizer.”® Details of the calculation can be found on
Zenodo."’ The simulation results show that the time constant for dif-
fusion is T, = (241.16 + 0.11) ms, which overestimates the measured
result by ~ 18%. The good qualitative agreement indicates that the
diffusion geometry is the dominant factor in determining the ionizer
response.
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FIG. 16. Plot of the variation of the detected current in a microscope configuration
as the beam moves across a sharp edge. The blue line is the mean of 20 normal-
ized experimental scans and the blue shaded region is the standard deviation of
the mean. The red line is an exponential step function that interpolates between
the initial and final values.

VII. OUTLOOK AND IMPROVEMENT

While the efficiency reported in this work is significantly higher
than that available with a commercial detector, there is further scope
for improvement. The effects of space charge have not been investi-
gated fully, the ionizer acts as a non-neutral plasma, and the insta-
bilities that arise in electron propagation may disrupt ion extrac-
tion.*** A deeper understanding and control of the space charge
inside of the solenoid could lead to both a higher detection effi-
ciency and improvement in stability. Sudden changes in detection
efficiency lead to steps in the detector output and can make the
collection of data over a long time period difficult.

To minimize the possibility of forming a well in the space
charge near the filament,”® the design discussed in the cur-
rent work uses a filament placed deep inside the solenoid. In
previous works, magnetic compression has been used to maxi-
mize the electron current passing into the solenoid.”*”* Electron
beam ion sources (EBISs) have achieved high current densities of
j>1000 A cm™%,2* which could improve the ionization efficiency,
though that is only achieved at high electron energies. However,
electron sources that have energies as low as 60 eV have been
reported® so there may be potential in the future for higher cur-
rents of electrons being injected into the ionization region using
these discussed techniques.

Kalinin ef al.** demonstrated that additional reductions in the
background can be achieved by cooling the system with liquid
nitrogen to both suppress electron impact heating and cryo-pump
any contaminants. However, electron stimulated desorption would
prevent complete removal of the background by cooling.”!

VIIl. CONCLUSIONS

In this paper, the design of a high-efficiency detector for low
mass species using a solenoidal ionizer has been described. Electrons
are generated from a hot cathode and are trapped by electromagnetic
fields to create a high electron density for ionization.

ARTICLE scitation.orgljournal/rsi

Mass filtering was achieved using a 180° permanent magnetic
sector and varying ion energies. Ion optics with voltages that scale
with ion energy have also been developed to allow mass scans that
show that helium is successfully filtered.

A conversion dynode was designed and implemented to con-
vert helium ions into electrons and then multiply the signal using
an electron multiplier. The shielding of the entrance of the electron
multiplier to external fields is essential to its performance, result-
ing in the addition of a mesh to the front of the multiplier to be
necessary.

Various parameters of the detector were measured to bench-
mark its performance. The efficiency of the ionizer was measured
by an on-axis Faraday cup and shown to be as high as 0.5% for
large electron energies despite the complex behavior with respect to
the emission current and electron energy. The various backgrounds
present were documented and removed until a final background,
which is equivalent to a helium flux of only F, = (8.7 +0.2) x 10°s™*
entering the detector, was measured. A key result is that the electron
energy must be kept below about 100 eV to minimize the back-
ground from multiple ionization at m/z = 4. Finally, the time con-
stant was shown to be 7 = (198 + 6) ms as measured on a scanning
helium microscope.

While the results presented here are principally concerned with
use on a helium microscope, the detector also has wide applicability
including measuring other low mass species such as hydrogen.
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